REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite 
1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if 
it  does  not  display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE 

30  June  2017 


2.  REPORT  TYPE 

Briefing  Charts 


3.  DATES  COVERED  (From  -  To) 

26  May  2017-30  June  2017 


4.  TITLE  AND  SUBTITLE 

ION  ACOUSTIC  TURBULENCE,  ANOMALOUS  TRANSPORT,  AND  SYSTEM 
DYNAMICS  IN  HALL  EFFECT  THRUSTERS 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Robert  Martin  and  Jonathan  Tran 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 

Q1AM 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory  (AFMC) 

AFRL/RQRS 
1  Ara  Drive 

Edwards  AFB,  CA  93524-7013 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory  (AFMC) 

AFRL/RQR 
5  Pollux  Drive 

Edwards  AFB,  CA  93524-7048 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

AFRL-RQ-ED-VG-201 7-1 50 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited.  PA  Clearance  Number:  17394  Clearance  Date:  19  June  2017 


13.  SUPPLEMENTARY  NOTES 

For  presentation  at  IPAM  Mathematics  of  Turbulence  Retreat;  UCLA  Lake  Arrowhead  Conference  Center,  CA;  June  2017 
Prepared  in  collaboration  with  ERC.  The  U.S.  Government  is  joint  author  of  the  work  and  has  the  right  to  use,  modify,  reproduce, 
release,  perform,  display,  or  disclose  the  work. 


14.  ABSTRACT 

Viewgraph/Briefing  Charts 


15.  SUBJECT  TERMS 

N/A 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 
OF 

PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

Robert  Martin 

Unclassified 

Unclassified 

Unclassified 

SAR 

52 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

N/A 

Standard  Form  298  (Rev.  8/98) 
Prescribed  by  ANSI  Std.  Z39.18 


Ion  Acoustic  Turbulence,  Anomalous 
Transport,  and  System  Dynamics  in 
Hall  Effect  Thrusters 


U.S.AIR  FOROI 


Robert  Martin1,  Jonathan  Tran2 

1  Air  Force  Research  Laboratory, 

2ERC  Inc., 

Edwards  Air  Force  Base,  CA  USA 

IPAM  Mathematics  of  Turbulence  Retreat,  June  2017 
UCLA  Lake  Arrowhead  Conference  Center,  CA 

Distribution  A  -  Approved  for  public  release;  Distribution 
unlimited.  PA  clearance  No.  17394 


^  'O  Q,  O 


Outline 


O  Introduction 
o  Transport 
9  Dynamic  System 
Q  Summary  and  Conclusion 


Martin,  Tran  (AFRL/RQRS) 


Distribution  Statement  A:  A 


■  □  <  g  >  <  -  <  =  -F 


e;  Distribution  is  Unlimited.  PA#  17394 


2/13 


Electric  Propulsion 


EP-Devices: 

o  EP  Improves  Thrust/Mass  (Isp) 

o  Ion/Elec.-Thermal/HET  Flying 

o  FRC/MPD/Electrospray/etc.  in  Dev. 

o  Space  notoriously  Risk  Adverse 
(i.e.  Tech  must  be  “Proven”) 


Martin,  Tran  (AFRL/RQRS) 


Distribution  Statement  A:  A 


Aerojet  Overview  of  EP  Satellites  (3/08) 


□  >  <!  gp  >  i  S  ►  ◄  -F  ^  'O  Cls  O 


e;  Distribution  is  Unlimited.  PA#  17394 


3  /  13 


Electric  Propulsion 


EP-Devices: 

o  EP  Improves  Thrust/Mass  (Isp) 

o  Ion/Elec.-Thermal/HET  Flying 

o  FRC/MPD/Electrospray/etc.  in  Dev. 

o  Space  notoriously  Risk  Adverse 
(i.e.  Tech  must  be  “Proven”) 

o  Hall  Thruster  Popularity  Increasing 
(Proven  and  Improved  Thrust/Area) 

o  Plasma  still  Threat  Thruster/Plume 

o  Improved  Life  Estimates  Needed 

o  Space  not  Replicated  in  Ground  Test 

Models  needed  to  Bridge  Gap 


Martin,  Tran  (AFRL/RQRS) 


Distribution  Statement  A:  A 


Aerojet  Overview  of  EP  Satellites  (3/08) 


Fakel  SPT-100  NASA  Hermes  Thruster 


□  ^  g  >  t  |  ►  <  I  -  ^  'Oc\Cv 


e;  Distribution  is  Unlimited.  PA#  17394 


3  /  13 


Electric  Propulsion 


EP-Devices: 

o  EP  Improves  Thrust/Mass  (Isp) 

o  Ion/Elec.-Thermal/HET  Flying 

o  FRC/MPD/Electrospray/etc.  in  Dev. 

o  Space  notoriously  Risk  Adverse 
(i.e.  Tech  must  be  “Proven”) 

o  Hall  Thruster  Popularity  Increasing 
(Proven  and  Improved  Thrust/Area) 

o  Plasma  still  Threat  Thruster/Plume 

o  Improved  Life  Estimates  Needed 

o  Space  not  Replicated  in  Ground  Test 

Models  needed  to  Bridge  Gap 


Martin,  Tran  (AFRL/RQRS) 


Distribution  Statement  A:  Appr 


Aerojet  Overview  of  EP  Satellites  (3/08) 


Fakel  SPT-100  NASA  Hermes  Thruster 


□  .  <  gp  ►  <  ±  ►  <5  ^  'Oc\Cv 


ease;  Distribution  is  Unlimited.  PA#  17394 


3  /  13 


Time  and  Space 


Inherently  Multiscale: 

o  0(1O9)-Space  and  Time 
o  Naive  3D-Spatial  Scales  — )>  Cost3 


Martin,  Tran  (AFRL/RQRS) 


Space 


km  -- 


Plume 


i  i  I  i  i  M  i  I — ► 


ris  us  ms  s 

Time 


17394 


4/13 


Time  and  Space 


Inherently  Multiscale: 

o  0(1O9)-Space  and  Time 
o  Naive  3D-Spatial  Scales  — )>  Cost3 
®  e~/lon  Mass  — >>  Scale  Separation 


Space 


□  <  g  >  <  i  m  i  >  ^  'Ook(v 


lited.  PA#  17394 


4/13 


Time  and  Space 


Inherently  Multiscale: 

o  0(1O9)-Space  and  Time 
o  Naive  3D-Spatial  Scales  Cost3 
o  e~/lon  Mass  — >>  Scale  Separation 
o  Isp  &  Device  Scale  — >►  Transit  Time 


Isp=1000  Line 


Time  and  Space 


Inherently  Multiscale: 

o  0(1O9)-Space  and  Time 
o  Naive  3D-Spatial  Scales  — )>  Cost3 
®  e~/lon  Mass  — >>  Scale  Separation 
o  Isp  &  Device  Scale  — >►  Transit  Time 
o  Pulsed:  Spread  Right  at  Scale  &  Isp 


Space 


km  -- 


Plume 


i  i  I  i  i  M  i  I — ► 


ris  us  ms  s 

Time 

O(GHz) 


17394 


4/13 


Time  and  Space 


Inherently  Multiscale: 

o  0(1O9)-Space  and  Time 
o  Naive  3D-Spatial  Scales  — )>  Cost3 
®  e~/lon  Mass  — >>  Scale  Separation 
o  Isp  &  Device  Scale  — >►  Transit  Time 
o  Pulsed:  Spread  Right  at  Scale  &  Isp 
o  Spacecraft  Lifetime  Performance? 


Space 


A 


km 


m 


mm 


um 


e' 


ns 


Plume 


Device 


Ions 

i  I  i  i  M  i  I 

us  ms  s 


Time 

0(GHz)-»  ©(Years!) 


□ 


& 


<00,0 


Time  and  Space 


Inherently  Multiscale: 

o  0(1O9)-Space  and  Time 
o  Naive  3D-Spatial  Scales  — )>  Cost3 
o  e~/lon  Mass  — >>  Scale  Separation 
o  Isp  &  Device  Scale  — >►  Transit  Time 
o  Pulsed:  Spread  Right  at  Scale  &  Isp 
o  Spacecraft  Lifetime  Performance? 


Modeling  Must  Exploit  Scale  Separation 


Space 


km  -- 


Plume 


i  i  I  i  i  M  i  I — ► 


ns  us  ms  s 

Time 

O(GHz)-^  0(Years!) 


4/13 


Hall  Effect  Thrusters 


Hall  Effect  Thrusters 


Hall  Effect  Thrusters  (HET): 

o  Traditionally  Modeled  in  R-Z 
©  Named  for  Hall  Current  in  0 
©  Uses  Quasi- ID  Electron  Fluid  Solve 
©  Ohm’s  Law  — No  e_ -momentum 
©  ZO  Unrolled  to  YZ 


RZ-Plane  Simulation 

B 


0  Lch 


0-Plane  Simulation 


Hall  Effect  Thruster 


Hall  Effect  Thrusters  (HET): 

o  Traditionally  Modeled  in  R-Z 
©  Named  for  Hall  Current  in  6 
©  Uses  Quasi- ID  Electron  Fluid  Solve 
©  Ohm’s  Law  No  e- -momentum 
©  Z6  Unrolled  to  YZ 
©  Electron  ExB  Drift 
©  Unmagnetized  Ions 
©  Results  in  Hall  Current  (Namesake) 


RZ-Plane  Simulation 


□ 


A 


Hall  Effect  Thrusters 


Hall  Effect  Thrusters  (HET): 

o  Traditionally  Modeled  in  R-Z 
©  Named  for  Hall  Current  in  0 
©  Uses  Quasi- ID  Electron  Fluid  Solve 
©  Ohm’s  Law  — )>  No  e- -momentum 
©  ZO  Unrolled  to  YZ 
©  Electron  ExB  Drift 
©  Unmagnetized  Ions 
©  Results  in  Hall  Current  (Namesake) 

©  Classic  Mobility:  e- -Neutral  Collision 
©  Electrons  Mobility  Required  for  Current 


Martin,  Tran  (AFRL/RQRS) 


RZ-Plane  Simulation 

B 


0  Lch 


0-Plane  Simulation 

^>e  ? 


lited.  PA#  17394 


5  /  13 


Hall  Effect  Thrusters 


Hall  Effect  Thrusters  (HET): 

o  Traditionally  Modeled  in  R-Z 
©  Named  for  Hall  Current  in  0 
©  Uses  Quasi- ID  Electron  Fluid  Solve 
©  Ohm’s  Law  — )>  No  e- -momentum 
©  ZO  Unrolled  to  YZ 
©  Electron  ExB  Drift 
©  Unmagnetized  Ions 
©  Results  in  Hall  Current  (Namesake) 

©  Classic  Mobility:  e- -Neutral  Collision 
©  Electrons  Mobility  Required  for  Current 
©  Ion- Acoustic  Waves:  Collisionless  Mobility? 


RZ-Plane  Simulation 


□  <1  g  ►  <  -1  >  <  m  ^ 


17394 


5  /  13 


Impact  of  Mobility 


Model  Sensitive  to  Mobility: 

o  Classical  Mobility  Insufficient  in 
Near  Plume 


From  LaFleur,  Phys  Plasmas  23,  053503  (2016) 


(Thruster  Simulation  will  not  “Light”) 


Public  Release;  Distribution  is  Unlimited.  PA#  17394 


6/13 


Impact  of  Mobility 


Model  Sensitive  to  Mobility: 

o  Classical  Mobility  Insufficient  in 
Near  Plume 

©  Enhanced  Emperical  “Bohm”  (1/B) 
Mobility 

©  Also  Needs  Coefficient  by  “Zone” 
(i.e.  Anode/Channel/Plume  Regions) 


Martin,  Tran  (AFRL/RQRS) 


From  LaFleur,  Phys  Plasmas  23,  053503  (2016) 


Impact  of  Mobility  on  Discharge  Profile 


Release;  Di 


6/13 


Impact  of  Mobility 


Model  Sensitive  to  Mobility: 

©  Classical  Mobility  Insufficient  in 
Near  Plume 

©  Enhanced  Emperical  “Bohm”  (1/B) 
Mobility 

©  Also  Needs  Coefficient  by  “Zone” 
(i.e.  Anode/Channel/Plume  Regions) 

©  Behavior  Sensitive  to  Plume 
Coefficient 


Brown,  Lobbia,  and  Blakely,  JPC  2014 


Impact  of  Mobility  on  Discharge  Profile 


lited.  PA#  17394 


6/13 


Impact  of  Mobility 


Model  Sensitive  to  Mobility: 

©  Classical  Mobility  Insufficient  in 
Near  Plume 

©  Enhanced  Emperical  “Bohm”  (1/B) 
Mobility 

©  Also  Needs  Coefficient  by  “Zone” 
(i.e.  Anode/Channel/Plume  Regions) 

©  Behavior  Sensitive  to  Plume 
Coefficient 


Need  Physics  Based  Model 


Brown,  Lobbia,  and  Blakely,  JPC  2014 


Impact  of  Mobility  on  Discharge  Profile 


6/13 


Instability  and 


Current  Driven  Instability: 

o  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 


Instability  and 


Current  Driven  Instability: 

©  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 

o  (A nei  A Eq)  Axial  Transport 

Initial  Exponential  Growth  Saturates 


□ 


& 


^  'OQlCv 


lited.  PA#  17394 


7/13 


Instability  and 


Current  Driven  Instability: 

©  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 

©  (A ne,  A Eq)  Axial  Transport 

Initial  Exponential  Growth  Saturates 


©  Electrons  Heat  &  Ions  Steepen/Trap 


SPORT 


c* 


Release;  Di 


7/13 


Instability  and 


Current  Driven  Instability: 

o  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 

o  (A nei  A Eq)  Axial  Transport 

Initial  Exponential  Growth  Saturates 

o  Electrons  Heat  &  Ions  Steepen/Trap 

o  Ion  Wave  breaks  above  Cs 


lited.  PA#  17394 


7/13 


Instability  and 


Current  Driven  Instability: 

o  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 

o  (A nei  A Eq)  Axial  Transport 

Initial  Exponential  Growth  Saturates 

o  Electrons  Heat  &  Ions  Steepen/Trap 

o  Ion  Wave  breaks  above  Cs 

©  Waves  not  “Turbulence”?... 

But  only  ID... 


lited.  PA#  17394 


7/13 


Instability  and 


Current  Driven  Instability: 

o  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 

o  (A nei  A Eq)  Axial  Transport 

Initial  Exponential  Growth  Saturates 

o  Electrons  Heat  &  Ions  Steepen/Trap 

©  Ion  Wave  breaks  above  Cs 

©  Waves  not  “Turbulence”?... 

But  only  ID... 

©  jo  — >  FRC  Spiral  Charge  Separation? 


Charge  Separation 


□ 


& 


Instability  and 


Current  Driven  Instability: 

o  HET  Ion- Acoustic  Instability 
-Driven  by  jo  Hall  Current 
-Anomalous  e-Transport?  (LaFleur) 
-Focus  of  1D/2D  Full-PIC  Studies 

o  (A nei  A Eq)  Axial  Transport 

Initial  Exponential  Growth  Saturates 

o  Electrons  Heat  &  Ions  Steepen/Trap 

©  Ion  Wave  breaks  above  Cs 

©  Waves  not  “Turbulence”?... 

But  only  ID... 

©  jo  — >  FRC  Spiral  Charge  Separation? 
©  Onset  of  Plasma  Turbulence? 


Martin,  Tran  (AFRL/RQRS) 


Distributi' 


:  A:  Approved  for  Publi 


Y  (cm) 


SPORT 


9 


Charge  Separation 


7/13 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 


o  Instability  Extra  Mobility 


□  ◄  g  >  *  =  ►  <  =  >  ^  0^0 


lited.  PA#  17394 


8  /  13 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 

o  Instability  Extra  Mobility 
o  LaFleur  Results  Promising 


From  LaFleur,  Phys  Plasmas  23,  053503  (2016) 


(A  Posteriori  Mobility) 


□  ►  <i5 


Public  Release;  Distribution  is  Unlimited.  PA#  17394 


<00,0 


8  /  13 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 

o  Instability  — >■  Extra  Mobility 
o  LaFleur  Results  Promising 
o  Need  High-Dim  Validation 


Martin,  Tran  (AFRL/RQRS) 


Experimental  Discharge  Current 
Oscillations 


I-V-B  Plot  of  Hall  Thruster  Operation 


Oscillatory 

Mode 


Brown,  EP  TEMPEST  Program  Review,  2015 

_  J 

IQPr  <£►  <£>  -s 


8  /  13 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 

o  Instability  — >■  Extra  Mobility 
o  LaFleur  Results  Promising 
o  Need  High-Dim  Validation 
o  Model  via  Lagged  Lotka-Volterra? 


f  =  f)I(N-N), 

f  =  -7 IN  +  %j-exp  [-7  //_T  1  dt ] . 
Barral  &  Peradzynski,  IEPC-2009-070 


17394 


8  /  13 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 

o  Instability  — >■  Extra  Mobility 
o  LaFleur  Results  Promising 
o  Need  High-Dim  Validation 
o  Model  via  Lagged  Lotka-Volterra? 
o  Model  Captures  a  Bifurcation 


f  =  (3I(N  —  N), 

dN  =  _lIN  +  ^  [_7  j  . 

Barral  &  Peradzynski,  IEPC-2009-070 


lited.  PA#  17394 


8  /  13 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 

o  Instability  — >■  Extra  Mobility 
o  LaFleur  Results  Promising 
o  Need  High-Dim  Validation 
o  Model  via  Lagged  Lotka-Volterra? 
o  Model  Captures  a  Bifurcation 

How  can  we  Compare 
Model,  Experiment,  and  Simulation? 


dN 

dt 


Barral  &  Peradzyriski,  IEPC-2009-070 


Enhanced  Mobility 


Impact  of  Ion- Acoustic  Instability: 

o  Instability  — >■  Extra  Mobility 
o  LaFleur  Results  Promising 
o  Need  High-Dim  Validation 
o  Model  via  Lagged  Lotka-Volterra? 
o  Model  Captures  a  Bifurcation 


How  can  we  Compare 
Model,  Experiment,  and  Simulation? 
With  only  I(t)  Accessible  Experimentally? 


f  =/3I(N-N), 

f  =  -7/A  +  ^ exp  [-7  //_t  I  dt] . 


Barral  &  Peradzyriski,  IEPC-2009-070 


Release;  Distribution  is  Unlimited.  PA#  1 


17394 


8  /  13 


Convergent  Cross  Mapping  I. 


State  Space  Reconstruction: 
Time  Series  and  Dynamic  Systems 

A  supplemental  simulation  and  animation  for 
“Detecting  Causality  in  Complex  Ecosystems" 

George  Sugihara,  Robert  May,  Hao  Ye,  Chih-hao  Hsieh, 
Ethan  Deyle,  Mike  Fogarty,  and  Stephan  Munch 


animation  by:  Peter  Sugihara,  Hao  Ye,  and  George  Sugihara 


©August  201 2 


Convergent  Cross  Mapping  I 


State  Space  Reconstruction: 
Time  Series  and  Dynamic  Systems 

A  supplemental  simulation  and  animation  for 
“Detecting  Causality  in  Complex  Ecosystems" 

George  Sugihara,  Robert  May,  Hao  Ye,  Chih-hao  Hsieh, 
Ethan  Deyle,  Mike  Fogarty,  and  Stephan  Munch 


animation  by:  Peter  Sugihara,  Hao  Ye,  and  George  Sugihara  ©  August  201 2 


Same  Could  be  Done  for  Hall  Thruster  Simulation 


Distribution  Statement  A:  Approved  for  Public  Release;  Distribution  is  Unlimited.  PA#  1 


Martin,  Tran  (AFRL/RQRS) 


17394 


9/13 


Convergent  Cross  Mapping  I. 


State  Space  Reconstruction: 
Time  Series  and  Dynamic  Systems 

A  supplemental  simulation  and  animation  for 
“Detecting  Causality  in  Complex  Ecosystems" 

George  Sugihara,  Robert  May,  Hao  Ye,  Chih-hao  Hsieh, 
Ethan  Deyle,  Mike  Fogarty,  and  Stephan  Munch 


animation  by:  Peter  Sugihara,  Hao  Ye,  and  George  Sugihara  ©  August  201 2 


Same  Could  be  Done  for  Hall  Thruster  Simulation 
But  Experiment  has  Limited  Access? 


Convergent  Cross  Mapping  II. 


State  Space  Reconstruction: 
Takens’  Theorem  and  Shadow  Manifolds 

A  supplemental  simulation  and  animation  for 
“Detecting  Causality  in  Complex  Ecosystems” 

George  Sugihara,  Robert  May.  Hao  Ye.  Chih-hao  Hsieh, 

Ethan  Deyle,  Mike  Fogarty,  and  Stephan  Munch 


animation  by:  Peter  Sugihara,  Hao  Ye.  and  George  Sugihara 


©August  201 2 


Convergent  Cross  Mapping  II. 


State  Space  Reconstruction: 
Takens’  Theorem  and  Shadow  Manifolds 

A  supplemental  simulation  and  animation  for 
“Detecting  Causality  in  Complex  Ecosystems” 

George  Sugihara,  Robert  May.  Hao  Ye.  Chih-hao  Hsieh, 

Ethan  Deyle,  Mike  Fogarty,  and  Stephan  Munch 


animation  by:  Peter  Sugihara,  Hao  Ye.  and  George  Sugihara  ©  August  201 2 


Shadow  Maifold  from  only  I(t)? 


Distribution  Statement  A:  Approved  for  Public  Release;  Distribution  is  Unlimited.  PA#  1 


Martin,  Tran  (AFRL/RQRS) 


17394 


10/13 


Convergent  Cross  Mapping  II 


State  Space  Reconstruction: 
Takens’  Theorem  and  Shadow  Manifolds 

A  supplemental  simulation  and  animation  for 
“Detecting  Causality  in  Complex  Ecosystems” 

George  Sugihara,  Robert  May,  Hao  Ye,  Chih-hao  Hsieh, 

Ethan  Deyle,  Mike  Fogarty,  and  Stephan  Munch 


animation  by:  Peter  Sugihara,  Hao  Ye,  and  George  Sugihara  ©  August  201 2 


Shadow  Maifold  from  only  I(t)? 
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Useful  Detecting  Causal  Relationships. 

Potential  Tool  for  Self-Similarity/Causality  in  Turbulence? 
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Summary  &  Conclusion 


Thank  You 
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